Background. Iron deficiency is estimated to impact more than 1.6 billion individuals worldwide, affecting child, maternal, and perinatal mortality. Iron supplementation, fortification, and dietary diversification are strategies to reduce the prevalence of iron deficiency. However, there are relatively few studies demonstrating the effectiveness of iron-fortified wheat flour as an intervention.
Introduction
Anemia impacts an estimated 1.6 billion individuals or 24.8% of the world's population, with the greatest burden among nonpregnant women [1, 2] . Iron deficiency is estimated to contribute to around 50% of anemia cases, with other primary causes of anemia being parasitic infections such as malaria [3, 4] . Although the actual prevalence of iron deficiency is not known, it is estimated that the prevalence of iron deficiency is higher than that of anemia [5] . Iron deficiency significantly impacts child, maternal, and perinatal mortality, affecting 40% of women of childbearing age (15 to 49 years) and 40% to 60% of children aged 6 to 24 months in the developing world [3, 6, 7] .
Iron supplementation, iron fortification, and dietary diversification or change are interventions used to reduce the prevalence of iron deficiency. Targeted iron supplementation is frequently used in population groups with a high prevalence of iron deficiency, such as pregnant women. Fortification of staple foods, such as wheat flour, is a cost-effective strategy for improving the iron status of a population [8] [9] [10] and usually does not require behavioral changes among consumers [11] . Wheat flour fortification is useful in populations consuming large amounts of wheat flour and its products, such as bread, because of the stability of the iron fortificant during processing and storage [12] . In addition, iron fortification of wheat flour is a costeffective strategy, since the cost of fortification varies regionally from US$0.33 to US$2.35 per metric ton of flour and adds as little as 0.5% to the cost of processed 181 Iron-fortified wheat flour and iron deficiency among women flour [12, 13] .
Iron fortificants are selected on the basis of bioavailability, fortification vehicle, stability, and cost. The primary fortificants of choice for fortification of wheat flour are sodium iron ethylenediaminetetraacetate (NaFeEDTA), ferrous sulfate, and elemental iron. Ferrous sulfate is preferred in many instances because of its low cost and high bioavailability; however, it is relatively unstable, thus shortening the shelf life of the flour. Despite its higher cost, NaFeEDTA has been successfully used as a fortificant because of its stability in wheat flour, long shelf life, greater bioavailability than ferrous sulfate, and absence of inhibiting interactions with wheat phytate. Elemental iron is also more stable than ferrous sulfate, and there are no indications of negative interactions with other nutrient fortificants, although its bioavailability is lower than that of other fortificants [9, 13] .
There are relatively few studies demonstrating the effectiveness of iron-fortified wheat flour in reducing the prevalence of iron deficiency. The reduced prevalence of anemia and iron deficiency has been attributed to the use of iron-fortified wheat flour by consumers in Venezuela, where the prevalence of iron deficiency among children decreased from 37.0% to 15.0% and the prevalence of anemia among children decreased from 19.0% to 10.0% 1 year following the 1993 implementation of fortification of flour [11, [14] [15] [16] [17] [18] . A 2009 cross-sectional study of Iran's national wheat flour fortification program, which began in 2001, indicated a reduction in the prevalence of iron deficiency from baseline measures prior to implementation. Evaluation results from two provinces found significant decreases in iron deficiency among women aged 15 to 49 years from 22.2% to 15.7% and from 26.7% to 14.6% [19] .
A high prevalence of micronutrient deficiencies has been found in surveys conducted in Oman since 1981*. An iron supplementation program was implemented among pregnant women and was associated with a decrease in the prevalence of anemia from 54.0% in 1986 [20] to 39.0% in 1996 [21] . A further decrease in the prevalence to 31.0% in 2004 [21] (at the time this survey was conducted) is postulated to be due to fortification of white wheat flour with 30 ppm of elemental iron and 1.5 ppm of folic acid, as mandated in 1996 for both imported and nationally produced white wheat flour [21, 22] .
The present study assessed the relationship between average monthly per capita household consumption of iron-fortified wheat flour and iron deficiency among 
Methods
The National Micronutrient Status and Fortified Food Coverage Survey was conducted in Oman in 2004 by the Ministry of Health of the Sultanate of Oman, with assistance from the US Centers for Disease Control and Prevention (CDC), UNICEF/Oman, and the Eastern Mediterranean Regional Office and the Oman country office of the World Health Organization (WHO). The cross-sectional survey was restricted to Omani households. Survey results were to be used to assess and evaluate the impact and coverage of micronutrient interventions, including wheat flour fortification. The objectives of the survey pertinent to this analysis included estimating the national prevalence of iron deficiency among nonpregnant women 15 to 49 years of age and the proportion of households with fortified wheat flour.
A household questionnaire was administered to the female head of the household to collect information on food consumption and preference. The separate women's questionnaire gathered additional information, including demographics, iron supplementation, and self-reported presence of a blood disorder (thalassemia, sickle cell anemia, and glucose-6-phosphate dehydrogenase [G6PD] deficiency, among others). Venous blood samples were collected to measure levels of serum ferritin and C-reactive protein. The serum ferritin and C-reactive protein analyses were conducted by the clinical chemistry laboratory at the Royal Hospital, Oman Ministry of Health, with training of laboratory personnel by CDC laboratories. Serum ferritin was determined by a Chemiluminescent Microparticle immunoassay on Architect System (Abbott Diagnostics)** [23] . Inflammation was defined by a level of C-reactive protein > 10 mg/L as appropriate for analysis by a Synchron C-reactive protein reagent (Beckman Coulter, Inc.). For these analyses, women with elevated or unknown levels of C-reactive protein were excluded. Iron deficiency was defined as Sample size calculations were conducted assuming a precision of 5.0%, a design effect of 2.0, and the estimated population prevalence of micronutrient deficiencies. The calculated sample size was 16 households in 53 clusters after taking into account an estimated 13.0% nonresponse rate, average household size, and portion of the population in the primary target group. Sample clusters were selected by the Department of Census based on 1993 census estimates using the probability proportional to size (PPS) method. Of the 53 clusters selected to be assessed, 8 clusters were excluded because there were no Omani households (n = 4), the cluster contained no households (n = 2), all households refused to participate (n = 1), or the cluster was not visited because of logistical complications (n = 1). In the remaining 45 clusters, a total of 394 households were assessed. The first household to be surveyed was randomly selected, with the subsequent eligible households numbered sequentially from 2 to 16. Women from odd-numbered households were invited to participate in the survey, and data were collected from the children and men from all eligible households.* Oral informed consent was obtained at the household level when individuals were informed about the purpose of the survey and the intention to collect biological specimens. The survey methods and data collection procedures were approved by the Oman Ministry of Health, with approval for analysis of secondary data obtained from the Institutional Review Board of Emory University.
Descriptive statistics and logistic regression analyses were performed using SAS survey procedures for complex survey design with statistical weights accounting for differential response rates at the cluster level. Analyses were restricted to 15-to 49-year-old women from Omani households from whom data were available for both serum ferritin and monthly per capita consumption of fortified flour (n = 307). Data were collected from a total of 422 women; however, respondents were excluded from the analysis for the following reasons: age not specified (n = 29), elevated level of C-reactive protein (n = 26), missing value for C-reactive protein (n = 1), monthly per capita flour consumption ≥ 25 kg (n = 6), missing value for monthly per capita flour consumption (n = 2), and missing value for serum ferritin (n = 51).
The total amount of white wheat flour used within the household was determined by the frequency with which the flour was purchased in the previous 2 months and the amount in kilograms. The monthly average per capita consumption of fortified white wheat flour, which is the flour consistently fortified in Oman, was calculated by dividing the total monthly average amount of white flour purchased per household by the total number of individuals living or working in the household. Cutoff points of ≥ 1 kg and < 1 kg were used, as this was the approximate median monthly per capita consumption among the survey respondents.
Logistic regression models with iron deficiency status as the outcome variable and the primary exposure of monthly average household per capita consumption of fortified white wheat flour were analyzed. Potential effect modifiers and confounders assessed were age, employment status, marital status, intake of iron or multivitamin supplements, self-reported presence of a blood disorder, household income, educational level of head of household, and family size. Effect modification was defined as an interaction p-value < .05 and confounding as ≥ 10% difference between a gold standard odds ratio compared with that of the reduced model.
Results
Among the 307 women in this analysis, 62.8% lived in households where the head of the household had either no education or only primary education (1 to 6 years), whereas 37.2% of women lived in households in which the head of the household had 7 or more years of education. A majority of the women (88.8%) were unemployed, and 47.9% lived in households with a family size of 11 or more individuals. Additionally, 5.5% reported currently taking some form of iron supplementation and 4.2% reported a blood disorder. For 40.8% of the women, the monthly per capita household consumption of white wheat flour was ≥ 1 kg (table 1).
The prevalence of iron deficiency was 33.9% for all women, 26.8% for women from households consuming ≥ 1 kg fortified flour per capita per month, and 38.8% for women from households consuming < 1 kg of fortified flour per capita per month (p =0.04) (table 1). There were no significant differences in the prevalence of iron deficiency by age, employment status, marital status, intake of iron or multivitamin supplements, self-reported presence of a blood disorder, household income, educational level of head of household, or family size.
Based on flour tested from households, 81.0% of all flour (both white and brown) was fortified with iron at the time of the survey. The percentage of flour found to be fortified was 92.2% for white wheat flour number 1 (high extraction), 76.8% for brown wheat flour number 2 (low extraction), and 48.8% for brown whole wheat flour number 3. The median monthly per capita consumption of white wheat flour was 0.9 kg (minimum and maximum, 0 and 24.8 kg), whereas the median monthly per capita consumption of brown wheat flour was 1.4 kg (minimum and maximum, 0 and 16.0 kg). Among the women in our sample, 54.7% reported purchasing brown wheat flour in the past 2 months, and among those, 66.1% had a monthly per capita consumption of brown wheat flour ≥ 1 kg. However, due to the inconsistency of the fortification of brown wheat flour, as the national law only mandated the fortification of white wheat flour, brown wheat flour was not included as part of the exposure.
The crude prevalence odds ratio for iron deficiency among women in our sample with ≥ 1 kg per capita per month consumption of fortified flour was 0.58 (95% CI, 0.34 to 0.99), showing a protective effect. There were no statistically significant interactions, and the adjusted odds ratio after controlling for all other characteristics listed in table 1 was 0.60 (95% CI, 0.32 to 1.13).
Additional regression analyses controlling for consumption of bread made from fortified flour in the previous 24 hours were assessed, as more than 90.0% of the women reported purchasing bread from a bakery or supermarket. Since less than 10.0% indicated they did not purchase bread, it is likely that a majority of the women had additional dietary sources of iron. However, this did not affect the association between iron status and consumption of fortified white wheat flour.
Discussion
In our study, there was a significantly lower prevalence of iron deficiency among women living in households with a monthly per capita consumption of ≥ 1 kg of fortified white wheat flour than among women living in households with a monthly per capita consumption of < 1 kg of fortified white wheat flour. The odds of iron deficiency were slightly greater than one-half after accounting for confounding. We found similar results when assessing by approximate quartiles of monthly per capita fortified flour consumption; however, due to decreased sample size with additional categories, we present findings with the dichotomized exposure variable.
Although causation cannot be inferred from prevalence measures from a crosssectional study design, these results are consistent with findings from evaluations of national wheat flour fortification programs in Venezuela and Iran, both of which found a reduced prevalence of iron deficiency following fortification. These results suggest a protective effect of consumption of iron-fortified wheat flour on iron deficiency among this population with a traditional household structure, in which large amounts of wheat flour are consumed and products are made in the home from fortified wheat flour. This study has some limitations. The exposure variable of monthly per capita flour intake may not be a true indication of the dietary intake of the women, as it is based on purchasing habits, is dichotomized based on median monthly per capita consumption, and is analyzed as though the fortified flour were equally consumed by all members of the household. Additionally, the total household number may have included children who are not yet consuming solid foods. Although collecting 24-hour dietary history may assess dietary intake more accurately, it was not feasible as a part of this cross-sectional survey.
Even though a high proportion of brown wheat flour was fortified with iron at the time of the survey, it was not included as a contributor to the amount of fortified flour consumed in these analyses, since brown wheat flour is not consistently fortified. Although consumption of brown wheat flour may affect the relationship between fortified white wheat flour and iron deficiency by providing an additional dietary source of iron, sensitivity analyses did not indicate a significant effect. Additionally, results from the 2004 National Diet and Nutrition Survey of the Sultanate of Oman found that whole grain products are not widely consumed among women of childbearing age: only 7.0% consumed whole grain products, whereas 100% consumed products made from refined grains [24] .
Conclusions
Despite limitations, these findings suggest that women in our study living in households with a greater monthly per capita consumption of iron-fortified wheat flour have a lower prevalence of iron deficiency. However, additional study is needed to further explore this relationship.
